In a similar manner to erectile dysfunction (ED), osteocalcin (OC) is also said to be associated with cardiovascular disease (CVD); however, the effect of OC in ED is unclear. This study was conducted based on the Fangchenggang Area Male Health and Examination Survey (FAMHES) project that ran between September and December 2009. ED was evaluated using the International Index of Erectile Function (IIEF-5). OC was shown to be associated with mild (unadjusted: OR = 0.647; P = 0.016) or moderate (unadjusted: OR = 0.453; P = 0.007) ED. Meanwhile, higher OC levels were more prominently associated with ED (unadjusted: OR = 0.702; P = 0.014). When subdividing the groups by age, the correlation between OC and ED presented in those aged 40-49 years, even in the multi-adjusted model, for those with moderate (OR = 0.255, P = 0.044) and severe (OR = 0.065, P = 0.005) ED. The relationship between OC and ED was also associated with a high level of testosterone, non-obesity, drinking, and nonmetabolic syndrome. In summary, OC may play a protective role in middle-aged (40-49 years) men with moderate-severe ED, especially those with a high level of testosterone, non-obesity, drinking, and nonmetabolic syndrome.
Results
The essential characteristics of subjects with and without ED. A total of 4303 participants (aged 18-88 years) were recruited to the FAMHES project between September and December 2009, of whom 3593 responded to further interviews. Rigorous criteria were applied to investigate the association between OC and ED, and a total of 1567 eligible samples were selected for the analysis. The IIEF-5 system defined two groups: 746 individuals with ED (IIEF-5 ≤ 21) and 821 individuals without ED (IIEF-5 > 21). The baseline results suggested that those with ED were significantly older than those without ED (ED vs. non-ED: 38.14 ± 1.82 vs. 33.99 ± 8.10 years; P < 0.001). In addition, abdominal obesity was also more serious in the ED patients (ED vs. non-ED: 0.89 ± 0.06 vs. 0.88 ± 0.06; P WHR = 0.012; P % = 0.044). Interestingly, the level of OC was lower in those with ED than those without ED (ED vs. non-ED: 24.38 ± 8.21 vs. 25 .56 ± 8.64 ng/ml; P = 0.003) ( Table 1) .
Potential protective function of OC in ED.
In the next analysis, regression analyses, including linear and binary regressions, were applied. Although no significant association between OC and ED risk was identified in the linear regression analysis, OC was significantly associated with ED risk in the binary logistic regression analysis (unadjusted: OR = 0.618, 95% CI = 0.449-0.850, P = 0.003) ( Table 2 ). To further confirm this association, ED was divided into four groups: mild, moderate, severe, or no dysfunction. The multinomial logistic regression analysis was conducted using the no dysfunction group as the reference. The results suggested that OC may be predominantly related to the mild (IIEF = 17-21; unadjusted: OR = 0.647, 95% CI = 0.454-0.921, P = 0.016) and moderate (IIEF = 12-16; unadjusted: OR = 0.453, 95% CI = 0.255-0.804, P = 0.007) forms of ED (Table 3) . Following these analyses, the OC level was divided into quartiles (Q1 < 25%, 25% ≤ Q2 ≤ 50%, 50% < Q3 ≤ 75%, Q4 > 75%). The results of the multinomial logistic regression analysis suggested that higher OC levels were more prominently associated with ED (Q4, unadjusted: OR = 0.702, 95% CI = 0.530-0.930, P = 0.014) ( Table 4) .
OC is significantly related to moderate-severe ED in middle-aged (40-49 years) men. In the regression analyses mentioned above, the significant association between OC and ED risk disappeared after adjusting for age. Correlation analyses were subsequently performed, and age was negatively associated with the OC level (r = −0.336, P < 0.001) and IIEF score (r = −0.188, P < 0.001). Therefore age may influence the relationship between OC and ED. Considering this, a subgroup analysis of age was conducted. Previous work had highlighted that 40 years of age may be the joint point for the increasing morbidity of ED 13 . Therefore the participants were divided into four age groups: <40, 40-49, 50-59, and ≥60 years. No obvious associations were discovered in the <40, 50-59, or ≥60 groups; however, the results suggested that OC may be associated with ED in the 40-49 age group, even in the multi-adjusted model (IIEF-5: β = 2.480, 95% CI = 0.995-3.965, P = 0.001; ED: OR = 0.368, 95% CI = 0.168-0.807, P = 0.013). In addition, significant correlations were mainly present in the moderate (multi-adjusted: OR = 0.255, 95% CI = 0.067-0.965, P = 0.044) and severe (unadjusted: OR = 0.061, 95% CI = 0.009-0.394, P = 0.003; age-adjusted: OR = 0.060, 95% CI = 0.009-0.397, P = 0.003; multi-adjusted: OR = 0.065, 95% CI = 0.009-0.440, P = 0.005) ED groups (Table 5 ).
In the receiver operating characteristic (ROC) analysis, OC was also shown to predict ED in the 40-49 age group with a better area under the curve (AUC = 0.5896, P = 0.004, best cutoff lnOC = 3.248) compared to the other age groups (Fig. 1) .
Correlation of OC and ED with higher testosterone levels. In the baseline analysis, no difference in testosterone level was detected between the ED (6.34 ± 1.85 ng/ml) and non-ED (6.23 ± 1.93 ng/ml, P = 0.233) groups (Table 1) . Previous studies suggested that testosterone can influence the OC level and the development of ED 10 , and the level of testosterone was positively correlated with OC (r = 0.249, P < 0.001). To discover the influence of testosterone in the association between OC and ED, subgroup analyses were conducted after subdividing the testosterone levels into quartiles (Table 6 ). The 50-59 and ≥60 age groups were combined in this analysis due to the limited number of participants aged >60 years old. Once again, a significant association was only shown in the 40-49 age group. In the testosterone subgroups, the correlation between OC and ED was more prominent in those with higher testosterone levels [Q3 (unadjusted: OR = 0.077, 95% CI = 0.011-0.546, P = 0.010; age-adjusted: OR = 0.079, 95% CI = 0.011-0.578, P = 0.012; multi-adjusted: OR = 0.068, 95% CI = 0.008-0.555, P = 0.012) and Q4 (multi-adjusted: OR = 0.184, 95% CI = 0.034-0.985, P = 0.048)]. Table 4 . Results of multinomial logistic regression analysis for the association between ED risk and osteocalcin level.
*
The levels of osteocalcin is divided into quartile (Q1 < levels of 25%, 25% ≤ Q2 ≤ 50%, 50% < Q3 ≤ 75%, Q4 > 75%).
* Multi-adjusted: adjust for age, smoking status, alcoholic drinking, BMI, WHR. ROC analysis also indicated that OC presented an excellent predictive function for ED in those with high levels of testosterone among the 40-49 age group, with the AUC increasing to 0.6901 (P = 0.005). The best cut-off of lnOC was 3.126 ( Fig. 2) .
OC is related to ED in the non-obese population. This study also aimed to identify the influence of obesity in the association between OC and ED. Obesity was defined using BMI (normal weight: <24.0 kg/m 2 , overweight: 24.0-27.9 kg/m 2 , obese: ≥28.0 kg/m 2 ) and WHR (normal weight: WHR ≤ 0.9 and obese: WHR > 0.9). This analysis also confirmed the association between OC and the development of ED. In addition, consistent conclusions were reached that showed that the correlations were more prominent in the non-obese population [BMI < 24 kg/m 2 : (unadjusted: OR = 0.221, 95% CI = 0.075-0.650, P = 0.006; age-adjusted: OR = 0.232, 95% CI = 0.079-0.684, P = 0.008; multi-adjusted: OR = 0.199, 95% CI = 0.064-0.614, P = 0.005); WHR < 0.9: (unadjusted: OR = 0.141, 95% CI = 0.042-0.479, P = 0.002; age-adjusted: OR = 0.148, 95% CI = 0.043-0.506, P = 0.002; multi-adjusted: OR = 0.122, 95% CI = 0.034-0.438, P = 0.001)] ( Table 6 ).
The results of the ROC analysis also indicated that better prediction occurred in the non-obese group (BMI < 24 kg/m 2 : AUC = 0.6338, P = 0.002; WHR < 0.9: AUC = 0.6463, P = 0.001), with the same best cutoff lnOC of 3.264 (Fig. 3) .
Drinking alcohol and the absence of metabolic syndrome (MetS) were associated with the potential protection of OC in ED. Among the 40-49 age group, the correlation between OC and ED was also shown in those that drank alcohol (unadjusted: OR = 0.411, 95% CI = 0.182-0.930, P = 0.033; age-adjusted: OR = 0.420, 95% CI = 0.186-0.951, P = 0.037; multi-adjusted: OR = 0.405, 95% CI = 0.177-0.931, P = 0.033) compared to those that did not drink. Interestingly, men without MetS seemed to be associated with the potential Table 5 . Association between ED and osteocalcin level in four ages groups (<40, 40-49, 50-59 and ≥60 years). * Linear regression analysis for the IIEF-5 scores; binary regression analysis for ED; multinomial logistic regression for the severity of symptom of ED. (Table 6 ).
Discussion
The results from this study combined with previous evidence suggest that OC may be significantly associated with ED to some extent. The positive correlation between OC and ED mainly presented in middle-aged men (40-49 years) with moderate-severe ED. To explain the potential mechanisms, data on other medical factors including testosterone levels, obesity, smoking, drinking alcohol, and MetS were also collected. Further analyses revealed that the correlation between OC and ED was only significant in those individuals with higher testosterone levels who were not obese, drank alcohol, and did not have MetS.
OC is a 5.6 kDa secreted protein, containing 46-50 amino acids, that is produced primarily by osteoblasts 14 . It was first isolated from bovine and human bone by Price et al. 3 , and for a long time it was thought that OC manifested its effects in bone. However, OC was recently shown to play important roles in energy metabolism, fertility, and the development of CVD [6] [7] [8] . As a complex disease, ED is also associated with CVD 8 . Moreover, ED is also suggested to be a marker of subclinical CVD 15 . Previous studies also hinted that ED may be associated with OC. In 2010, one study focused on OC-positive endothelial progenitor cells in patients affected by ED and cavernous atherosclerosis, and the results suggested that the levels of OC-positive endothelial progenitor cells could be a predictive marker for subsequent coronary artery disease in ED patients 16 . Although no direct evidence has explained the association between ED and OC levels, fragmentary signals could also identify the potential correlations between them.
In 2005, experimental animal studies proposed that androgen deprivation caused stromal progenitor cells to turn into adipocytes, which was one of the most frequent causes of ED 17, 18 . Meanwhile, it was also suggested that testosterone could open smooth muscle potassium channels in human penile cavernous bodies to influence the erection 19 . In 2012, data from the FAMHES project revealed that testosterone was associated with ED 10 . Moreover, in 2014, a meta-analysis showed that testosterone replacement therapy could lead to an 18% reduction in the risk of ED 20 . Another well-known factor, nitric oxide, was also shown to regulate the erection of the corpus cavernosum, and the expression of nitric oxide was also shown to be affected by androgens 21 . Penile nitric oxide synthase (NOS) decreased following castration but was rectified with testosterone therapy 22 . These results suggest that testosterone could protect from ED to some extent. In addition, one previous study showed that OC could favor male fertility by enhancing testosterone production 7 . In accordance with previous studies 23, 24 , this study also showed that the OC level was positively associated with testosterone (r = 0.249, P < 0.001). Although it was reasonable to assume that OC may be associated with ED, the significance only seemed to be interesting for middle-aged (40-49 years) men. It was previously reported that testosterone decreased as rapidly as 0.4-2% per year after age 30 25 ; however, the function of testosterone was special. When the level of testosterone was lower than the threshold, it was associated with a worse sexual function. Upon reaching the threshold, the effect Table 6 . The logistic regression analysis for the association between ED and osteocalcin in various groups.
*
Testosterone levels are divided into quartile (Q1 < levels of 25%, 25% ≤Q2 ≤ 50%, 50% <Q3 ≤75%, Q4 > 75%) in different ages. * ED is considered as dichotomous variable (ED/without ED). Then, binary logistic regression analyses are conducted for every subgroup, in which ED is treated as the dependent factor. And the level of osteocalcin is treated as covariate.
The level of osteocalcin (ng/ml) is presented as mean ± SD in the ED and non-ED groups. . Therefore, this study suggested that the testosterone concentration in middle-aged men was predominantly lower than the threshold. On the other hand, testosterone levels were high enough to take effect in the <40 age group. This phenomenon could be consistent with the morbidity of ED. As shown previously, the occurrence rate of ED increased in men aged >40 years 13 , therefore the protective effect of testosterone was obvious in those aged ≥40 years. Similarly, osteoporosis, metabolic abnormalities, and hormonal disorders in older men induced reduced OC and testosterone levels, which weakened the association with ED to some extent.
Another interesting result from this study was that the positive correlation between OC and ED was mainly observed in the non-obese population. An association between obesity and sex hormones was recently established, with lower levels of free and bioavailable testosterone being significantly associated with obesity 27 . In 2012, Vaidya et al. 28 confirmed that testosterone was negatively associated with WHR. Yamacake et al. 29 also discovered that men with a higher BMI had lower serum androgen levels. In animal experiments, testosterone levels declined in obese rats fed a high-fat diet 30 . Possible mechanisms behind this phenomenon could be obesity-associated insulin resistance, hypothalamus-pituitary-testicular axis function, or the transformation and secretion of glucocorticoids 31, 32 . The inverse correlation between OC and obesity in our analysis was consistent with the results from previous studies 33, 34 . Therefore the levels of OC and testosterone increased in the non-obese population, which would have enhanced the protective effect against the development of ED.
This analysis also revealed that OC was associated with ED in individuals without MetS compared to those with MetS. This phenomenon could be explained using data from other studies. In 2013, researchers discovered lower OC levels in individuals with MetS 35 . This conclusion was later confirmed in the MINOS cohort 36 . In a population study, long-term drinkers showed significantly higher levels of OC than social drinkers 37 , which was also in line with the results obtained here. These studies suggest that OC levels are higher in those without MetS and those who drink. As a regulator, this would lead to increased testosterone levels, which would subsequently protect from ED using the mechanism described above.
Limitations
This study mainly focused on the association between OC and ED; however, some issues should not be ignored. Firstly, this study was a cross-sectional analysis and therefore it only suggests a potential protective effect of OC in the development of ED. Additional longitudinal studies are needed to confirm this conclusion. Secondly, other hormones such as luteinizing hormone and follicle-stimulating hormone may also influence the association between OC and ED. Therefore further studies should also consider these hormones more comprehensively. Thirdly, although testosterone could reflect the functional status of the testis to some extent, other factors such as semen quality were not included. 
Conclusions
The results suggest that OC may have a protective role against moderate-severe ED in middle-aged (40-49 years) men, especially those with a high level of testosterone, those that are not obese, those that drink alcohol, and those without MetS. Further studies are needed to confirm the association and the potential mechanisms.
Methods and Materials
Population. FAMHES was a population-based project that mainly focused on environmental and genetic factors as well as their interrelations. A total of 4303 men participated in a routine physical examination at the medical center in Fangchenggang First People's Hospital between September and December 2009. Data were collected from 3593 participants using interviews. The response rate was 83.5% 13 . All participants signed written informed consent and provided a whole blood sample. The study was approved by the medical ethics committee at Guangxi Medical University. All methods were performed in accordance with their relevant guidelines and regulations.
ED definition and sample screening. ED was defined using the International Index of Erectile Function (IIEF-5) system 38 . This system asks five questions that are mainly focused on erection confidence, erection firmness, maintenance ability, maintenance frequency, and satisfaction, with the total score ranging from 0 to 25. Each question has six answers, which score 0-5 points. Lower scores indicate a reduced sexual function and an increased severity of ED. As with the previous standard 39 , the population can be divided into four categories: no dysfunction (IIEF-5 score: [22] [23] [24] [25] , mild dysfunction (17) (18) (19) (20) (21) , moderate dysfunction (12) (13) (14) (15) (16) , and severe dysfunction (5-11). Moreover, an IIEF-5 score of 22 can be used to subdivide the population into those with ED (IIEF-5 ≤ 21; mild, moderate and severe dysfunction) and those without ED (IIEF-5 > 21).
Subjects were excluded from the analysis if: (i) there was no data available regarding their serum OC level (e.g., they failed to contribute a blood sample or the instrument failed to detect a value); (ii) incomplete information was available on the individual; (iii) they provided incomplete answers to the ED questions; (iv) they suffered from a disease (i.e., myocardial infarction, congestive heart failure, stroke, hyperthyroidism, rheumatoid arthritis, acquired immune deficiency syndrome, or any kind of cancer); had a history of pelvic or urinary tract trauma, surgery, inflammation or chronic hepatitis, etc.; or were taking medications (i.e., psychotropic drugs, nonsteroidal anti-inflammatory drugs, antibiotics, spironolactone, cimetidine, glucocorticoids or other steroidal drugs, etc.) which may influence the level of serum OC and the normal status. Finally, 1567 eligible samples were involved in the subsequent analyses.
Interview and physical examination. Essential information (e.g., age, sex, smoking, drinking, etc.) was collected from eligible individuals during a face-to-face interview, and a complete physical examination (e.g., height, weight, waistline, hipline, etc.) was also performed. Smoking status and alcohol consumption were divided into "smoking/drinking" or "non-smoking/non-drinking" groups. As for the physical examination, body mass index (BMI) was calculated using body weight (measured when wearing thin clothing) and height (measured without shoes). BMI was categorized into three groups according to the Chinese standard: normal weight (<24.0 kg/m 2 ), overweight (24.0-27.9 kg/m 2 ), and obese (≥28.0 kg/m 2 ). Meanwhile, the waist-hip ratio (WHR) was categorized as normal weight (WHR ≤ 0.9) or obese (WHR > 0.9) 40 . The waist circumference was measured at the midpoint between the inferior costal margin and the superior iliac crest on the mid-axillary line, and the hipline was defined as the maximum circumference over the buttocks. Metabolic syndrome (MetS) and testosterone. MetS was previously shown to be significantly associated with ED and OC 41, 42 . Meanwhile, as an important hormone in men, testosterone was believed to influence the levels of OC and the development of ED 9, 23 . Therefore MetS and testosterone were also included in this study. According to the updated National Cholesterol Education Program Adult Treatment Panel III for Asian Americans 43 , MetS was defined as having three or more of the following components: (1) waist circumference ≥ 90 cm, (2) triglycerides ≥ 1.7 mmol/L, (3) HDL-C < 1.03 mmol/L, (4) blood pressure ≥ 130/85 mmHg or requiring the use of antihypertensive medications, and (5) fasting glucose ≥ 5.6 mmol/L, being previously diagnosed with type 2 diabetes mellitus, or using oral antidiabetic agents or insulin.
Serum examination. Blood samples were transported to the Department of Clinical Laboratory at the First Affiliated Hospital of Guangxi Medical University in Nanning within 2-3 h, where they were subsequently centrifuged within 15-25 min and stored at −80 °C. The serum OC and testosterone levels were measured using an electrochemiluminescence immunoassay on a COBAS 6000 system E601 (Elecsys module) immunoassay analyzer (Roche Diagnostics, GmbH, Mannheim, Germany). Triglyceride levels, HDL-C, and serum glucose were measured enzymatically on a Dimension-RxL Chemistry Analyzer (Dade Behring, Newark, DE).
Statistical analysis. Before the analyses, serum OC and testosterone levels were logarithmically transformed to achieve approximate Gaussian distribution. Based on their IIEF-5 scores, eligible samples were divided into those with ED (IIEF-5 ≤ 21) and those without ED (IIEF-5 > 21). Student's t-tests and X 2 tests were applied where appropriate. Following the baseline analysis, linear and binary regression analyses were applied to assess the association between OC and ED risk after adjusting for three different models of covariates: unadjusted, age-adjusted, and multivariate-adjusted models. In the multivariate-adjusted model, the covariates were age, smoking status, alcohol consumption, BMI, and WHR. To further detect a potential association, ED was subdivided into four groups: no dysfunction, mild dysfunction, moderate dysfunction, and severe dysfunction, and multinomial logistic regression analysis was conducted to evaluate the function of OC in the order of severity of ED. The OC level was subsequently divided into four groups (Q1 < 25%, 25% ≤ Q2 ≤ 50%, 50% < Q3 ≤ 75%, Q4 > 75%) and the lowest OC group was used as the reference. Previous studies suggested that 40 years may be the point at which the morbidity of ED increased 12 , therefore the participants were divided into four age groups: <40, 40-49, 50-59, and ≥60 years. The effect of age on the association between OC and ED risk was discussed using linear, binary, and multinomial logistic regression analyses. Besides age, testosterone, obesity, and MetS were also known to affect ED and OC to some extent 9, 23, 41, 42 . Therefore subgroup analyses were also conducted for these influencing factors. Finally, ROC analysis was applied to assess the effects of OC in predicting the ED risk. All analyses were performed using SPSS version 16.0 software (SPSS Inc., Chicago, IL, USA) and R software. All statistical tests were two-tailed.
